We have previously suggested that the Toluidine Blue (TB) test can be used for sperm chromatin structure assessment.
Introduction
Semen analysis is routinely used to evaluate the male partner in infertile couples (World Health Organization, 2000) . However, it has been clearly demonstrated that there is a considerable overlap in the values of sperm concentration, motility and morphology between fertile and infertile men, and that values for these standard semen parameters that are in the subfertile range do not exclude the possibility of normal fertility (Guzick et al., 2001) .
In contrast, it has been suggested that the assessment of sperm DNA damage using the acridine orange (AO)-based sperm chromatin structure assay (SCSA), expressed as the DNA fragmentation index (DFI), yields a single threshold for in vivo infertility. Namely, if the DFI exceeds a threshold set around 30%, a chance for successful pregnancy either by natural conception or intrauterine insemination is close to zero (Evenson et al., 1999; Spano et al., 2000; Saleh et al., 2003; Bungum et al., 2004 Bungum et al., , 2007 .
One of the serious limitations for more widespread use of the SCSA is the necessity for flow cytometry. We have previously suggested an alternative method for sperm chromatin structure assessment: the Toluidine Blue (TB) test (Erenpreiss et al., 2001 (Erenpreiss et al., , 2004 Erenpreisa et al., 2003) . The test measures the availability of the sperm chromatin DNA phosphate residues for staining with TB, which is dependent on both the protein state and DNA integrity [for a more detailed description of the TB test, see the appendix in Erenpreiss et al. (2001) and Discussion in the present paper].
We have demonstrated previously that the results of the TB test correlate well with the results of the SCSA and terminal nick-end labelling assays (Erenpreiss et al., 2004) . The aim of the present study was to evaluate the clinical applicability of the TB test to assess male fertility potential using well-defined groups of fertile and infertile men. Human Reproduction, Vol.24, No.7 pp. 1569 -1574 , 2009 Advanced Access publication on March 21, 2009 doi:10.1093/humrep/dep068 sperm have induced more than one pregnancy in the donor intrauterine insemination procedures), and 42 fertile men (with currently pregnant partners, all conceived spontaneously within 12 months) recruited from a prenatal care clinic at Malmö University Hospital (Malmö , Sweden). The group of infertile men comprised 79 men from infertile couples (unable to conceive for at least 12 months) in which the female factor (no endometriosis, ovulatory disturbances or tubal obstruction) was excluded. Men with known causes of male subfertility (genetic factors such as Y microdeletions, chromosomal aberrations, cystic fybrosis mutations, cancer treatment, drug abuse and cryptorchidism) except varicocele were excluded from the infertile men group in order to exclude factors other than sperm chromatin damage causing male infertility.
Materials and Methods

Study population and semen analysis
Semen analyses for sperm donors were done at the Cryos International Sperm Bank; for the remaining fertile men and for the infertile group, analyses were conducted at the Reproductive Medicine Centre, Malmo University Hospital.
Sperm concentration and motility were assessed according to WHO (1999) recommendations. Sperm concentration was evaluated using positive displacement pipettes and a Neubauer haemocytometer. For donors at the Cryos International Sperm Bank, only the total percentage of progressively motile sperms was assessed. Therefore, this parameter was applied as a measure of motility for the whole group. As sperm morphology was not scored for donors at the Cryos International Sperm Bank, this parameter was omitted.
All samples were analysed using the TB test at the Andrology Laboratory, Riga Stradins University. Also SCSA was applied in order to assess the correlation between these two tests.
The study was approved by the Ethics Committee of Riga Stradins University.
Toluidine Blue test
Ejaculates were allowed to liquefy at 378C for 30 min. The liquefied samples were washed with PBS (pH ¼ 7) at 2400 rpm for 10 min. Pellets were re-suspended in 5% BSA to an approximate concentration of 2 Â 10 8 cells/ml. Thin smears were prepared on pre-cleaned defatted slides and then air dried for 30 min. Dried smears were fixed with freshly made 96% ethanol:acetone (1:1) at 48C for 30 min and air dried for 12 h. Hydrolysis was performed with 0.1 N HCl at 48C for 5 min followed by three changes of distilled water, 2 min each. TB (0.05% in 50% McIlvain's citrate phosphate buffer at pH 3.5, Gurr-BDH Chemicals Ltd, Poole, UK) was applied for 5 min. Slides were then rinsed briefly in distilled water, dehydrated in tertiary butanol at 378C (2 Â 3 min), cleared in xylene at room temperature (2 Â 3 min) (Histoclear RA Lamb Labs, USA) and mounted with DPX (water-insoluble embedding medium for histological preparations). The TB working solution was prepared monthly from a stock solution of 1% TB in distilled water and stored at 48C. The stock solution can be stored at 48C up to 1 year. Fixed smears can be stored before staining in the dark box for up to 1 week at the room temperature and for up to 2 weeks in the exicator in the cold room without affecting results (data not shown).
The results of the TB test were estimated using oil immersion (10 Â 100) on a Leitz DIALUX 22 EB microscope supplied with a 3CCD colour video camera Sony DXC-390P and image analysis computer program (Image Pro Plus 4.1). Calibration of the video-camera to measure the true optical densities in three channel colour images was performed by using a set of neutral optical filters. Somatic cells and immature germ cells were manually dismissed. Only sperm possessing an elongated or a droplet-like form and a bipolar structure with a clear light acrosome at one pole and a stained nucleus at the other were measured.
In our previous cytochemical studies (Erenpreiss et al., 2001; Erenpreisa et al., 2003) , we found that sperm nuclei with red fluorescence as determined by the AO in situ denaturation test [performed on slides according to our protocol based on Rigler (1966) recommendations (Erenpreiss et al., 2001 )] correspond to those that stained dark-purple with the thiazine dye TB in a TB test on slides; whereas sperm with green fluorescence correspond to those that stain light blue with TB. On the basis of the AO test, the conditions for the TB staining were set, and a threshold of optical density in CCD green image !0.16 was determined to distinguish dark-purple sperms, which are presumably abnormal.
In the present clinical investigation, the evaluation was done blind. Two hundred randomly selected sperms per sample were examined by image cytometry. Four cell groups with different optical densities are distinguished by the TB test (Erenpreisa et al., 2003) . These correspond to the following visual TB colours: dark violet cells (TBDCs; abnormal chromatin structure), light blue cells (TBLCs; normal chromatin structure) and two intermediate forms: light violet and dark blue (probably with less damaged chromatin structure).
TBDCs were also counted by simple microscopy in 47 randomly selected samples, again counted in a blind fashion.
The coefficient of variation (CV) for multiple assessment of the same sample was estimated using 36 blinded samples from nine men (four samples from each donor).
Sperm chromatin structure assay
The SCSA was applied following the procedure described elsewhere (Evenson et al., 2002; Erenpreiss et al., 2004 ). An aliquot of unprocessed semen (about 13 -70 ml) was diluted to a concentration of 1 -2 Â 10 6 sperm/ml with Tris, NaCl and EDTA buffer (0.01 M Tris-HCl, 0.15 M NaCl and 1 mM EDTA, pH 7.4). The cell suspension was treated with an acid detergent solution (pH ¼ 1.2) containing 0.1% Triton X-100, 0.15 mol/l NaCl and 0.08 N HCl for 30 s, and then stained with 6 mg/l purified AO (Polysciences Inc., Warrington, PA, USA) in a phosphate-citrate buffer, pH 6.0. Cells were analysed using a FACSort flow cytometer (Becton Dickinson, San Jose, CA, USA), equipped with an air-cooled argon ion laser. A total of 5000 events were accumulated for each measurement at a flow rate of 200 -300 cells/s. AO that is intercalated in double-stranded DNA emits green fluorescence, whereas AO associated with single-stranded DNA emits red fluorescence. Thus, sperm chromatin damage can be quantified by flow cytometry measurements of the metachromatic shift from green (native, double-stranded DNA) to red (denatured, single-stranded DNA) fluorescence and displayed as red (fragmented DNA) versus green (DNA stainability) fluorescence intensity cytogram patterns. Adopting guidelines published by Evenson et al. (2002) , the extent of DNA denaturation was expressed in terms of DFI, which is the ratio of red to total (red plus green) fluorescence intensity. The fraction of high DNA stainable (HDS) cells suggested to represent immature sperm was also assessed.
Statistic analysis
Results were expressed as means + standard deviation (SD).
To establish whether the TB test results can be used for the prognosis of male fertility potential, we used the ROC curve analysis. The so-called 'area under the curve' shows the general prognostic power of the test (the closer it is to 1.0, the better is the prognostic power). Sensitivity of the test describes, in this case, a proportion of infertile men who will be correctly detected as infertile. Specificity, in turn, shows proportion of fertile men who will be treated as fertile.
In addition, the odds ratios (ORs) with 95% confidence interval (CI) for infertility were estimated for infertile versus fertile men using the thresholds (set by the ROC curve analysis) of the TBDC and the TBLC. Primarily, the OR was calculated in a univariate model. Thereafter, the OR was calculated in a multivariate model with sperm concentration, motility and TBDC or TBLC as independent variables. Sperm concentration as a co-variate was categorized in a normal group with concentration !20 Â 10 6 /ml and in a abnormal group with concentration ,20 Â 10 6 /ml. Sperm motility was also categorized as either normal (progressive motility !50%) or abnormal (progressive motility ,50%).
For correlation analysis, Spearman's method was used. The Wilcoxin test for paired data was used to compare the results obtained by the TB image analysis and manual counts.
All hypotheses testing were two-sided with a probability value of 0.05 considered as significant. Analyses were conducted using the SPSS 15.0 software (SPSS Inc., Chicago, IL, USA).
Results
There was a significant difference in the percentage of TB dark and TB light cells between fertile and infertile men (Table I) . No difference was found in the proportion of the TBDC between sperm donors and other fertile men (Table II) .
There was a significant difference in sperm concentration and total sperm count, but no difference in progressive motility between fertile and infertile men (Table I) . No difference was found in sperm concentration and sperm progressive motility between sperm donors and other fertile men (Table II) .
Fertility thresholds for the TB test
Thresholds for the TB test between fertile and infertile men were set by ROC curve analysis and area under the curve, sensitivity and specificity for the thresholds were calculated (Table III) . A threshold for TBDC by ROC curve analysis was set at 45% (Fig. 1) ; it provides 92% specificity and 42% sensitivity as shown in Table III . All but five fertile men (8%) had TBDC ,45%, whereas the proportion of infertile men with TBDC .45% was 43% (Fig. 2) . OR for infertility was 7.5 (95% CI: 2.7 -20.8) when the 45% TBDC threshold was used.
Furthermore, a 20% threshold for TBLC also demonstrated high specificity (90%), however, sensitivity was quite low (32%), and OR for infertility was lower when compared with the 45% TBDC threshold: 4.4 (95% CI: 1.7-11.6) (Fig. 3) .
It was not possible to obtain thresholds for discrimination between fertile and infertile men for cell groups of intermediate colours by the TB test. In a multivariate model, only the percentage of TBDC (P ¼ 0.005; OR ¼ 7.2, 95% CI: 1.1-20.7) and sperm concentration (P ¼ 0.024; OR ¼ 5.6, 95% CI: 1.1-17.8) were found as independent significant factors able to predict fertility/infertility. No significance was found for either the percentage of TBLC (P ¼ 0.32) or sperm motility (P ¼ 0.26).
Association between sperm chromatin structure tests, image analysis cytometry versus manual counting and coefficient of variation (CV) for the multiple assessments of the TB samples TBDC moderately correlated with both DFI and HDS in the SCSA test (r ¼ 0.47, P , 0.001 and r ¼ 0.34, P , 0.001, respectively).
Results of the image analysis of TB specimens exhibited a high correlation with the values obtained by manual counting of TBDC (r ¼ 0.88, P , 0.001). Mean absolute values (+SD) of the TBDC were also close: 49.7 + 25.6 for the image analysis assessment and 43.4 + 18.9 for the manual assessment (P ¼ 0.17). Results of the multiple blind assessments of the TB samples are shown in Table IV . Mean CV for the TBDC was 26%. Mean CV for the TBLC was 9% (results are not shown).
Discussion
Our results show that a threshold of TBDCs at 45% is a predictor of male in vivo infertility, providing additional prognostic information to that obtained by sperm concentration and motility assessment. However, the results of the TB test alone are predictive only for infertility but not for fertility, as shown by high specificity (92%) and low sensitivity (42%) of the ROC curve-based threshold for TBDCs. In other words, if the proportion of TBDCs exceeds 45%, a man can be, with a high probability, diagnosed as infertile (because 92% of fertile men have TBDC , 45%); while the proportion of the TB dark cells below the 45% threshold does not necessarily mean fertility. This finding is quite understandable because a high proportion of sperm with impaired chromatin structure hinders fertilization in vivo. However, infertility can also be caused by factors other than sperm DNA damage. These findings are parallel to those obtained for the SCSA (Makhlouf and Niederberger, 2006) .
When comparing the TB test with the SCSA assay, significant correlations between the TBDCs and each of the DFI and HDS fractions were found. This may relate to the mechanism of sperm chromatin stainability by TB.
The decrease in stainability of the mammalian sperm for DNA dyes occurring in normal spermiogenesis and its increase in sperm of infertile animals has been known for a long time (Darzynkiewicz et al., 1969; Ringertz, 1969; Mello, 1982) . This peculiarity of sperm chromatin is due to unique tight packaging of the DNA, which is made possible due to chromatin remodelling. The process takes place during spermatid differentiation by means of the protein component replacement from histones (supporting the nucleosomal chromatin structure) through transition proteins by more basic protamins, which completely neutralize the phosphodiester backbone of the DNA molecule and minimizes the repulsion between neighbouring DNA segments. These changes allow sperm chromatin to be condensed into a nearly crystalline toroid structure (Pogany et al., 1981; Ward and Coffey, 1991; Zhao et al., 2004) , which is dehydrated and low charged, thus possessing the decreased ability to bind ionic dyes. It has been postulated that introduction of transient DNA strand breaks observed coincidently with chromatin remodelling in elongating spermatids represents a necessary step for such remodelling, eliminating the DNA negative superhelicity (Boissonneault, 2002; Marcon and Boissonneault, 2004) . The possible role of topoisomerase II in the introduction and religation of such strand breaks has been shown (Laberge and Boissonneault, 2005) . The final step in sperm chromatin packaging during nuclear maturation includes formation of covalent disulphide bonds between cystein residues of protamines. If chromatin remodelling is perturbed, then most of the chromatin remains in the less compact and more hydrated nucleosomic form with the increased affinity for cationic dyes.
The contribution of DNA strand breaks and of the chromatin protein state into TB test staining is a co-operative phenomenon. Our previous work on somatic cells revealed that introduction of even single strand breaks into DNA results in increased side-chain DNA stainability and aggregation of cationic dyes (including TB and AO), perhaps by means of increasing availability of phosphate residues in the relaxed (released from the nucleosomal support of superhelicity stress) DNA (Erenpreisa et al., 1988 (Erenpreisa et al., , 1997 .
The present clinical data are in agreement with previous experimental results showing the sensitivity of the TB test both for DNA strand breaks (Erenpreisa et al., 2003; Erenpreiss et al., 2004) and chromatin packaging density (Andreetta et al., 1995; Erenpreiss et al., 2004 ). An increase in the TB dark cells was found both after DNase and dithiothreitol provocation disrupting disulphide bonds of protamins without the introduction of DNA breaks (Andreetta et al., 1995; Erenpreisa et al., 2003) . Together, these results suggest that the TB test that relies on the availability of DNA for cationic dyes, and thus should depend primarily on sperm chromatin protein interaction with DNA competing with the dye for binding, depends also on the DNA integrity, which relieves interactions between the DNA and cationic proteins. This serves as an explanation for the moderate level of correlation between the TBDC and SCSA DFI fraction.
The disadvantage of the TB test is that only a limited number of sperm can be assessed when compared with the 5 -10 000 sperm assessed in the SCSA. The ability to process only a few hundred cells by the TB test can also partly explain a relatively high mean CV for the TBDC counts, found in our study when multiple blind samples were assessed. However, the mean CV for the TBLC was rather low, being 9%.
In this study, the measurements were performed using an image analysis system. However, the great advantage of the TB method is that only a standard light microscope is needed in order to evaluate the percentage of normal and abnormal cells and even dehydration and embedment steps of the procedure can be omitted for nonpermanent preparations. The comparison between the manual and the image analysis-based data indicates a great overlap between these two methods of assessment.
Thus, based on our findings and taking into account the high OR for infertility in men with TBDC above 45%, we suggest that TB test can be used as supplementary investigation in assessing semen quality of men from infertile couples. One of the obvious indications would be the cases with unexplained infertility.
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